A force prediction model has been developed for single and multiple tines at speeds at which inertial ef fects are signficant . The soil worked by the tines is assumed to obey the Mohr -Coulomb criterion . The model can be extended to estimate the dynamic forces in adhesive soils by revising tine rake angle to account for geometry changes resulting from the soil body adhering to the tine .
data and in the majority of cases the magnitude of the dif ference between the predicted and experimental data was less than the least significant dif ference between treatment means at the 0 и 05 probability level . 
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. Introduction
The speed at which soil engaging operations are conducted can have a significant ef fect on implement forces and therefore on the energy consumption above certain critical speeds . The 
The three terms in the first bracket account for gravitational , cohesive and adhesive , and surface surcharge loading ef fects respectively . The second bracket contains the tine width ( w ) and an additional A simplified equation for the vertical force component , V t , is given by
The expression in the second bracket is less complicated than that originally given in the model by Godwin and Spoor 
where
The angle ␤ is not included in the model given by Godwin et al . 4 as the geometry of the soil failure is defined in terms of rupture distance ratio , ( m ) .
McKyes 5 assumed that the soil failure plane between tine tip and soil surface follows a straight line as shown in F i g . 1 , from which ␤ can be defined as
Data giving m values for dif ferent tine rake angles is available from Godwin and Spoor 3 and is summarized in F i g . 3 .
It can be seen from Eqn (3) that the force associated with velocity change for wide tines is
This term is applicable to wide tines and is based upon inertial forces associated with accelerating a wedge of soil of width and depth equal to tine width and depth respectively . In order to apply this term to narrow tine theory , i . e . to incorporate the crescent edge ef fects , it was assumed that the inertia forces are generated in proportion to the volume and , hence , weight of the soil displaced by the tine , which reduces with depth , as shown in F i g . 4 . This volume is estimated by considering the cross-sectional area of the disturbed soil immediately ahead of the tine which is given by ( dw ) as in Eqn (6) 
Similarly the vertical force component ( V t ) is given by
Ef fects of non -scouring conditions
Eqn (7) gives the total horizontal force on a tine moving through soil , taking into account the ef fect of speed . It is based on the assumption that soil is scouring , i . e . sliding cleanly over the tine face . Obviously if scouring does not occur and soil builds up on the tine , the ef fective tool geometry will be altered and the equation can no longer be applied in this form .
Experience of tines running in cohesive clays shows that soil build up occurs near the surface but decreases with depth to the tine point as shown in F i g . 5 . This means that the ef fective rake angle ␣ e is greater than the actual tine angle ␣ . A simple assumption was used in order to take this ef fect into account where ␣ e is the mean rake angle between ␣ at depth and 90 Њ at the soil surface , as given in Eqn (9)
Hence , for non-scouring soils ␣ e replaces ␣ and now because the moving soil slides over static soil the interface friction angle ( ␦ ) is assumed to be equal to .
. 3 . Multiple tines
Sections 2 . 1 and 2 . 2 outlined the analysis of forces for a single working in soil , taking into account tine geometry , surface loadings , soil shear strengths , scouring and non-scouring and speed ef fects . The analysis provides a model from which the magnitude and direction of the resultant force can be calculated .
To allow force predictions for multiple tines , the single tine model was adapted by Godwin et al . 4 to include tine interaction ef fects . This involved a model where the draught forces of the individual tines were added together , with compensation made for the area of overlap shown shaded in F i g . 6 . This is achieved by assuming the principle of superposition applies , which is the basis of many soil dynamic theories , 1 , 5 and subtracting an equivalent draught force required to disturb the interacting zone above and between the individual tine soil failure boundaries , referred to as the imaginary tine .
Assuming that the soil failure planes act at 45 Њ to the horizontal , the imaginery tines , F i g . 6 , have a depth of
and are assumed to have negligible width . The total horizontal force ( D ) for a group of ( n ) tines can , therefore , be calculated from
Where H t i is the horizontal force component of an imaginary tine .
This model accounts for tine spacing ef fects in the following manner , i . e . closer tine spacings produce greater imaginary tine depths and hence smaller values of total draught . The model assumes that providing soil can flow between the tines , then tine stagger (relative fore and aft positions) will not af fect the soil forces .
. Comparison between experimental and predicted forces
A series of experiments were conducted in both frictional soils (in laboratory conditions) and cohesive soils (in field conditions) . In both conditions soil moisture content and bulk unit weight were determined gravimetrically ; cohesion and internal friction were determined from triaxial tests and adhesion and soil metal friction by weighted sliding plane tests of Crowther and Haines . 8 The results of the soil analysis are summarized in Table 1 .
Forces were measured using an octagonal ring transducer (Godwin 1 0 ) linked to a signal conditioning and data logging unit via strain gauge amplifiers , each force was monitored at 100 Hz . When working in the laboratory the recorded sample time varied from 2 to 6 s depending on the forward speed of the study .
When working in the field longer sample times of 6 to 10 s were used , again depending on test speed . The longer sample time was necessary due to more variable soil conditions in the field than in the laboratory .
The results of the single tine tests at 250 mm deep in The least significant dif ference indicates the dif ference required in the mean force for each speed and rake angle for either to have a significant ef fect . It is calculated by multiplying the tabulated value of t (Ref .
11) (for the probability level and error degrees of freedom) and the standard error of the dif ference between treatment means resulting from an analysis of variance . There is greater variation between the experimental and predicted vertical force component , this is frequently two to three times the value of the least significant dif ference . In the cohesive soil under non-scouring conditions , predicted values show close agreement with the experimental results and in the majority of cases lie within a band width equal to the least significant dif ference or less . The exception to this dif ference is the predicted horizontal component of force for tines with rake angles of 40 Њ in 5 km / h which is significantly underpredicted . There is a tendency for measured forces (particularly in cohesive conditions) to rise more rapidly than predicted forces in response to a speed increase i . e . predictions are correct at low speeds (1 km / h) and high speeds (20 km / h) but low in the mid range . This trend is also seen in the data on tine force variation in response to speed in cohesive soils in the work of Staf ford 7 and may be a result of a change in the type of soil failure in front of the tine or changes in soil characteristics due to speed of shearing .
Also shown in F i g s 7 and 8 is the velocity of 4 и 36 km / h (indicated by the vertical short dashed line) as predicted by Schuring and Emori 2 below which it can be seen that the inertial component has little ef fect on the tine forces . Table 2 shows the speeds at which (1) a 5% and (2) a 10% rise in predicted horizontal and vertical force occurs . The mean speed vaues for 5% and 10% increases in horizontal and vertical forces for the tine rake angles studied in cohesive and frictional soil are 6 и 0 km / h and 8 и 4 km / h respectively . In all cases , the mean values for dif ferent tine rake angles are greater than the value of 4 и 36 km / h from the term provided by Schuring and Emori .
2 This is as expected as the original work did not take into account the ef fect of implement depth and the soil failure ef fects at each side of the tine .
As this study was conducted using tines of constant depth , the ef fect of depth on inertial forces cannot be determined . However , the ef fect of the soil failure ef fects at each side of the tine can be included by assuming the ef fective width of the soil body is ( w ϩ 0 и 6 d ) from Eqns (7) and (8) agreement with the experimental results and in the majority of cases these fall within a band equivalent to the least significant dif ference of the experimental data at 0 и 05 probability level . Table 2 Speeds (km / h) corresponding to 5% and 10% rise in horizontal forces ( H t ) and vertical force ( V t ) 
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